Single nanowire lasers based on bottom-up III-V materials have been shown to exhibit room-temperature near-infrared lasing, making them highly promising for use as nanoscale, silicon-integrable and coherent light sources. While lasing behavior is reproducible, small variations in growth conditions across a substrate arising from the use of bottom-up growth techniques can introduce inter-wire disorder, either through geometric or material inhomogeneity. Nanolasers critically depend on both high material quality and tight dimensional tolerances, and as such, lasing threshold is both sensitive to, and a sensitive probe of such inhomogeneity. We present an all-optical characterization technique coupled to statistical analysis to correlate geometrical, and 1
design requirements of MQW NW lasers has proven to be challenging; the thickness, placement and number of QWs must be carefully chosen to minimize losses and guarantee mode overlap with the MQW active medium 24, 31 in addition to conventional cavity requirements such as end-facet reflectivity and NW length.
In this letter, we describe a novel methodology for identifying the critical limitation on NW laser threshold, via a large-scale statistical study of nanolasers. By utilizing the small wire-to-wire inhomogeneity inherent to the NW growth technique, we correlate controllable parameters (QW thickness, NW length, inter-well disorder) with functional performance (lasing threshold). This technique provides a method to determine the influence of different controllable parameters, allowing critical parameters to be identified for optimization.
Through a study including over one thousand NWs, we also measure a key parameter for the industrial applicability of all single-NW devices; namely, yield. Finally, we are able to identify the best performing nanolaser from within the measurement batch, providing an indication of the upper limit on nanolaser performance within this growth approach.
For the specific case of GaAs/AlGaAs MQW nanolasers designed and grown as described by Saxena et al., 24 we identify variations in lasing wavelength as the critical limitation to high and uniform yield, along with the influence of quantum well electronic disorder. We measure a minimum room-temperature lasing threshold of ∼ 43 µJcm −2 under pulsed excitation, attributed to a NW with optimal reflectivity, low absorption in the core and high gain-mode overlap. Coupled with an overall yield of over 50% of NWs exhibiting stable lasing behavior under pulsed optical excitation at room-temperature, our results demonstrate a strong future for the single NW laser architecture.
A set of MQW NW lasers with an 80 nm GaAs core, 8 Al x Ga (1−x) As/GaAs quantum wells (with x = 0.42 and a nominal thickness of 3.5±1.5 nm) and a 5 nm GaAs capping layer were grown following a published recipe. 24 Full details and transmission electron microscopy have previously been reported. 24 The NWs were transferred onto a z-cut quartz substrate by gentle rubbing. A representative sample of 31 transferred NWs were measured to have lengths of 3.36 ± 0.36 µm and diameters of 464 ± 14 nm using scanning electron microscopy (see Supporting Information for details and images). These values are within the original design parameters, but are somewhat shorter than the 5 µm predicted, possibly due to the mechanical transfer method. For optical measurements, approximately ∼10000 NWs were first identified using optical-microscopy machine-vision and image processing based on an approach modified from optical astronomy. 32 A similar machine vision approach has been used for automated electrical contacting of single nanowires. 33 Each NW was imaged, and a low-power photoluminescence spectrum was taken (full experimental details are given in the methods section). A set of 1025 NWs was randomly selected from the ∼10000 full set for in-depth study. For each wire, the low-power photoluminescence spectrum was fit to a simple two-component model following a published approach 31 (see Supporting Information for full details), with the first component being core emission and the second being MQW emission. The former comprises the convolution of a 3D density of states (DoS) B core and Gaussian distribution G core for the core emission. For the MQW region the convolution of a 2D density of states B MQW and Gaussian distribution G MQW is used. The final model is taken as the linear combination of both the core and the MQW region multiplied by the scaling factors α core and α MQW respectively such that:
A typical fit to a PL spectrum is shown in Figure 1a) . A number of parameters were determined: E core and E e 1 →hh 1 M QW , the core material band-gap and lowest quantum-well transition energy, σ core and σ M QW , the electronic disorder parameters for the core and quantum-well transition respectively. The electronic temperature T was fixed at room temperature for these low excitation-fluence measurements. The electronic disorder parameters describe a
Gaussian convolution on the idealized emission -for the quantum well emission this disorder may arise from fluctuations in well thickness or barrier height (due to Al variation) 34 in a single well, or due to systematic variations in well thickness between wells in a single wire. For the core, σ core may be attributed to inhomogeneity in strain or stoichiometry along the length of the NW. 35 Taken together, the disorder parameters represent deviation from uniformity, and have been previously shown to be important parameters in describing the emission of quantum-well NWs. The model fit is able to well reproduce the photoluminescence lineshape for the MQW NWs as demonstrated in Figure 1a) ; it is noted that a deviation at low energy (around M QW , we choose to model the QW photoluminescence as an emitter with a single effective emission energy and disorder; the wires have been designed and previously characterized as having minimal well-to-well thickness variation within a single wire.
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However, it has been shown that radial growth rates in MOCVD are correlated with the NW core diameter, 38 allowing for wire-to-wire variation in QW emission to occur. As such, to a first order approximation we treat every quantum well in each given NW as identical, but allow these to vary between wires. Any residual intra-wire inhomogeneity in E
transition energy between wells is expected to appear as an increase in electronic disorder further confirming a negligible contribution from intrawire well-to-well thickness variation.
The trend for the QW to exhibit an increased disorder over that of the core is in agreement with previous work, 31 where this was attributed to both an increased sensitivity of quantum well confined state energies to thickness disorder and to interface effects.
Lasing behavior was probed using defocussed optical excitation at 620 nm with ∼170 fs pulses at 200 kHz, where the pump pulse diameter was set to be 4-5× larger than the typical NW length to ensure uniform excitation (more details are given in the methods section). It is noted that no special attention was paid to the relative orientation of the NW axis (as determined from optical microscopy) with respect to the excitation polarization. However, no correlation between orientation and threshold was observed, which is likely due to their large diameter and hence small polarization dependence of absorption in these wires. 39 By measuring the power-dependent photoluminescence at room temperature, spectrally resolved light-in light-out (LILO) responses were recorded for the 1025 NWs as shown in Figure 2a ).
Nanowires were classified as lasing when two conditions were satisfied; a significant increase in gradient is observed on the LILO curve, and the appearance of a narrow emission peak (<6 nm FWHM, limited by the spectral resolution of the spectrometer and with a peak height of over 30% of the overall PL). The pump fluence at threshold was conservatively approximated as the knee of the LILO curve, taking the intersection between a linear fit to the stimulated emission and the spontaneous regimes as shown in the inset of Figure 2a (more details are provided in the Supporting Information ). For each wire, measurements were halted soon after threshold was reached to avoid laser damage. In total, 579 NWs -56% of wires -were identified to show lasing at room temperature. Under high excitation fluence, the remaining NWs exhibited a decrease in integrated emission intensity with increasing excitation fluence likely due to carrier overflow from QWs and -ultimately -thermal degradation. For the full statistical analysis, additional filtering was done to remove ∼7% of the 579 NWs where the data was unable to be fitted with sufficient accuracy using our model;
this narrowed down the number of NWs used to 534 .
The power-dependent photoluminescence for a low-threshold NW is shown in Figure 2a ). Single mode lasing was observed at 766.6 nm and pump power at threshold was determined to be 63 µJcm −2 per pulse. Below threshold, periodic oscillations in the emission intensity as a function of wavelength is likely due to amplified spontaneous emission of cavity modes. The black line in Figure 2a ) corresponds to the low power PL for this particular wire; two peaks, at ∼810nm and ∼870 nm, can be identified as the MQW and core emission respectively. The low power PL emission of the MQW region corresponds to the e 1 → hh 1 transitions, whereas the lasing wavelength depends on the material gain from QWs and the threshold gain of the supported longitudinal and transverse cavity modes, the latter depending on a number of factors including NW length and diameter. This can be clearly seen from the main lasing peak at a wavelength of ∼770 nm, which is significantly blue-shifted from the low power PL emission maxima. In general, the large blue-shift is indicative of the high threshold carrier density requirements for these devices. Analysis of this data provides a number of new parameters, primarily P th , the lasing threshold and λ max , the lasing wavelength. Figure   2b ) illustrates a key result for the future commercial application of III-V nanolasers, in that of the ∼50% of NWs which showed room-temperature lasing, a median P th is found to be 192 +45 −60 µJcm −2 where the uncertainty describes the interquartile range. It is striking that the distribution is heavily skewed towards lower threshold. The relationship between excitation pulse energy and material gain is strongly sub-linear, 24 leading to any distribution in threshold gain due to variations in underlying geometry or material quality being amplified when measured in the pulse energy domain. These values are in strong agreement with a previous measurement of P th = 110 µJcm −2 under pulsed 522 nm excitation, 24 with the shorter excitation wavelength used in that work leading to slightly increased optical absorption and thus a reduced threshold.
While, in general, approaches exist to identify the specific geometrical (i.e. reflectivity, waveguide losses) or material (i.e. gain-related) origin for threshold gain and hence P th , techniques such as changing output coupling 40 have no obvious analog for nanolasers. Key parameters such as the reflectivity of end-facets, mode-gain overlap or waveguide losses through substrate coupling can be modeled, but are subject to an unknown level of real-world wire-to-wire disorder in the NW architecture. End-facets are dependent on the precision of the cleaving process (at the base) and NW growth during the cool-down period (at the tip), while mode-gain overlap may depend upon the diameter of the wire which is a product of the initial seed size inhomogeneity and the NW growth density 38,41-43 or on electronic disorder between quantum wells. While some aspects may be optimized through additional postgrowth steps, for instance planarization and polishing for improving end facet reflectivity, it is essential to know which aspects play the most significant role in determining P th .
The threshold gain (g th ) required for lasing in a two mirror cavity can be approximated
where α 0 is the distributed losses, L is the cavity length and R tip and R base are the power reflectivity of the tip and base facets, respectively. The relationship between incident fluence and model gain is, in general, highly non-linear. 24 However, we can seek correlations between threshold incident pulse energy P th and other measurable parameters, as a monotonic relationship is predicted. In the limiting case of a low α 0 , constant R values and linear absorption, we would expect an inverse correlation between cavity length and P th . To investigate this, we first determine NW cavity length L FP from laser peak spacing using a Fabry-Perot model:
where λ 0 is the primary laser peak, ∆λ is the longitudinal mode spacing, n g is the modal refractive index and dn g /dλ is the dispersion (see Supporting Information for full details).
A value of n g = 4.7 and dn g /dλ = −0.003 are used, as determined by numerical modeling.
We are limited to 477 NWs for length dependence studies, as two or more longitudinal peaks must be identifiable to use Equation 3 . Figure 3a shows a two-dimensional histogram of the lasing threshold and NW length; while a very slight negative correlation is shown (correlation coefficient ρ = −0.08, significance value p = 0.08), it is not significant at the (p < 0.01) level. This weak correlation suggests that distributed losses may dominate, and/or wire-to-wire disorder in reflectivity is large: If losses which scale with the length of the nanowire dominate (such as waveguide leakage or reabsorption in the core or cap),
we would not expect to observe a positive length dependence. SEM images taken from 30
NWs (provided in the Supporting Information ) show varied non-planar end faces which may introduce wire-to-wire variation in reflectivity, which in turn may obscure any length dependence.
A much stronger correlation is observed for threshold and lasing wavelength, as shown in Figure 3b . This strong correlation (ρ = −0.39, p < 0.001) indicates a dramatic increase in threshold for NWs which lase at shorter wavelength; this effect is inherent to the design of our MQW nanolasers. With a GaAs core and GaAs cap, leakage of the TE 01 mode into the center or edge of the NW leads to a large increase in absorption losses, with losses proportional to the absorption coefficient of GaAs at the lasing wavelength. It is unlikely that waveguiding losses play a large role in this correlation; a narrow observed spread in diameter of 464 ± 7 nm is not expected to lead to a significant variation in cavity confinement, and waveguiding losses for the TE 01 mode are expected to be small for NW diameters over 400 nm.
This behavior is striking, however a note of caution must be struck -increasing the lasing wavelength requires a reduction in electron confinement and associated reduction in gain, and a balance must be sought. It is noted that controlling the lasing wavelength requires both accurate control over the well width, as well as a element of control over the NW length.
The Fabry-Perot cavities presented (averaging around 4 µm) impose a minimum longitudinal mode separation of ∼12 nm and an associated inhomogeneity in emission wavelength on this scale. A minimization in lasing wavelength disorder would reduce the spread in threshold for a given well disorder, which might be best achieved through the use of longer nanolasers.
A highly important measure for all laser structures is the quality of the gain region;
we assess this using the QW disorder parameter σ QW as a proxy, noting that disorder in a (possibly due to facet-induced growth rate differences 38 ) and a corresponding decrease in the density of states for a given emission energy. Figure 3c shows a statistically significant positive correlation between σ QW and P th (ρ = 0.14, p = 0.002), leading to a second finding: targeting a reduced QWT disorder is expected to be beneficial for reducing threshold. The effects of inhomogeneity in GaAs/AlGaAs quantum-well systems is well known to increase with decreasing width 45 (see Figure S4 ), however, observed disorders are significantly higher than for comparable planar systems. While we have previously shown that two strategies to limit σ QW are through reducing core disorder to improve intra-wire σ QW or increasing the radial growth rate to reduce inter-wire disorder, 31 we do not see evidence of the former approach for the present NWs (see Supporting Information for details). This is likely due to the more effective screening of the effect of core geometrical inhomogeneity on quantum well emission by the significantly thicker barrier layers in the present study. It is notable that variation in threshold as a function of σ QW is small in comparison with the overall dispersion in threshold seen in the nanolaser population.
Supporting Information
After controlling the lasing wavelength and quantum well disorder, a residual spread in threshold is most likely due to variations in end-facet reflectivity. It has been noted that in core-shell NW lasers, reflectivity losses are expected to dominate over distributed losses 46, 47 due to the small cavity length and typically poor reflectivity, and in those nanolasers, threshold gain is expected to be a strong function of NW length. While the SEM study of 31 NWs (given in the Supporting Information ) show that end faceting does not subjectively appear to be optimum for lasing, it appears to be of secondary concern to lasing wavelength and QW disorder for the MQW nanolasers described here. It is also noted that for longer wires, tapering remains to be fully controlled which may contribute to an unintended reduction in material gain for wires longer than 4 µm.
In summary, we have presented an all-optical statistical technique for studying functional optoelectronic nanomaterials. We have applied this methodology to MQW nanolasers based on the GaAs/AlGaAs material system, and have shown both high yield operation of around 50% and optically-pumped room-temperature thresholds of ∼ 43 µJcm −2 . As far as we are aware, this is the lowest value reported for this architecture to date. By correlating geometrical and material parameters across 534 NWs we have identified lasing wavelength and quantum well disorder as key controllable parameters to design for more uniform low-threshold operation. These parameters are rationalized in terms of their impact upon distributed losses and variations in gain, and we make two recommendations for optimization within the presented architecture: to design thicker wells with reduced disorder, and to target longer wires to reduce cavity mode separation. Our methodology can be combined with electron microscopy to assess wire-to-wire variation in threshold resulting from variations in nanowire morphology. The presented large-scale approach is both widely applicable and highly important to obtain yield histograms for any future industrial applicability. It is observed that MQW wires grown via Au-assisted vapor-liquid-solid metal-organic vapor-phase-epitaxy show both a reasonably high yield and threshold disorder, supporting their potential future implementation into optoelectronic integrated circuitry.
Methods
Micro-photoluminescence: Automated micro-photoluminescence measurements were carried out using a home built microscope system as described in detail in the Supporting Information . The system is equipped with two laser sources; a HeNe laser (632.8 nm)
for low-power photoluminescence measurements, and a pulsed 620 nm 170 fs 200 kHz laser derived from a Coherent RegA and optical parametric amplifier. The pulsed laser beam was defocussed to produce a spot of around 20 µm diameter to ensure complete excitation of the NWs. The spectral response of the system was corrected using a tungsten bulb.
Scanning Electron Microscopy: Scanning electron microscopy images were taken using an FEI Helios 600 at the Australian National Fabrication Facility (ACT Node). Images were taken on the same sample as the optical measurements, where a ∼2-5 nm thick mixed metal Pt/Au layer was first deposited to avoid sample charging.
Data analysis:
The data was analysed as described in the text and Supporting Information , using 2D correlation analysis provided by the MATLAB package. All reported correlation (ρ) values are determined from Pearson linear correlation analysis, and values are determined to be significant when (p < 0.01).
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